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Abstract 
A method of statistical description of thermodynamic properties of nanocrystals is developed. It is established that size-
dependent quantization of vibrational modes results in formation of excess pressure of the phonon gas phP  acting outwards the 
crystal. Based on the concept of the phonon gas pressure, size dependence of thermodynamic properties of nanocrystals was 
described, and size influence on a shift of a phase transformation temperature was explained. 
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1. Introduction 
Nanoparticles and nanofilms show strong size dependence of physical and thermodynamic properties. 
Size reduction of a crystal results in changes in both temperature and heat of phase transformations, shifts of the 
Curie point and the Neel point in the case of magnetic materials, increase in the temperature of the amorphous-to-
crystalline transition, increase in diffusion rate and conductivity, a rise in the temperature of the transition to the 
superconducting state, acceleration of chemical and electrochemical processes on the particle surface and other 
effects. 
For historical reasons, most efforts were concentrated on studies of size effects using melting of 
nanocrystals as an example. Reduction of the melting temperature of free nanoparticles was first observed in x-ray 
and electron-microscopy studies of granular films of Pb, Sn, Bi [1]; Pb, In [2]; Ag, Cu, [3], and Au [4]. Subsequent 
experimental and theoretical investigations of thermodynamic properties of nanocrystals (for reviews, see [5–8]) 
allowed to establish simple empirical relationships between these properties and particle size. Particularly, it was 
found that melting temperature mT  of free nanoparticles in mesoscopic size range is inversely proportional to the 
particle size l , 
 
, (1 / )m m bT T a l ,                                                                        (1) 
 
where ,m bT  is the bulk melting temperature, 0a  is a dimensional factor depending on material and shape of the 
nanoparticle. A similar relation describes reduction of the melting heat with decreasing of nanocrystal size [9–12]. 
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Subsequently, it was established that such thermodynamic properties as isobaric and isochoric heat capacities, 
Debye temperature etc., also vary with crystal size [13–14]. In addition to affecting the melting transition, reduction 
of particle size in some cases leads to formation of new polymorphic modifications of the crystal. Here, two 
situations are possible: in the first case, a polymorphic modification is formed at lower temperature than in bulk 
specimens (e.g. formation of the fcc phase in films and small particles of Co [8]), while, in the second case, crystal 
size reduction is accompanied by formation of phases that are not observed in bulk specimens (fcc phases in thin 
films of Nb, Ta, Mo and W [8]). New polymorphic modifications are usually observed in systems obtained by thin 
films deposition [8] or grinding of solids [15–16]. A similar size-induced effect takes place during amorphization 
of the matter in thin films (for reviews, see [7, 8]). The above examples, undoubtedly, attest to direct influence of 
the crystal size on the state of the matter inside the crystal. Due to small thickness of the surface layer in crystals 
[17, 18], this influence cannot be ascribed to surface effect on the bulk properties of a nanoparticle, i.e. to changes 
in the surface energy under a change of the phase state of the particle [5–8]. Recently, it was demonstrated [19,20] 
that size reduction of a crystal is accompanied by quantization (and increasing) of its vibrational energy, making 
the pressure of the phonon gas of the crystal increase. A force corresponding to such excess pressure of the phonon 
gas is directed outwards the crystal, i.  e. additional pressure in a nanoparticle is negative. In the present study we 
show that it is the negative pressure of the phonon gas that is responsible for size-dependent effects in nanocrystals. 
Analytic expressions are obtained relating thermodynamic properties of a nanocrystal with its size. 
 
2. Phase transitions in nanocrystals 
To describe phase equilibrium in a nanocrystalline system, we proceed from the fact that, in simple systems 
(including nanocrystals of the mesoscopic size), the phase state is determined by two thermodynamic quantities: 
pressure P  and  temperature T . Therefore, a change in the temperature of a phase transition in mesoscopic 
nanocrystals can result from a change of the pressure in the system. Let us determine pressure and temperature 
changes accompanying formation of a nanoparticle according to the principles of thermodynamic description [21]. 
When a nanocrystal is formed from a bulk crystal, an interface with surface tension  is created. This can result in 
arising additional pressure P  in the particle. Besides, due to finite size l  of the nanoparticle, eigenvibrations with 
the wavelengths 2l  are not excited, and the energies of vibration modes with wavelengths 2l  depend on 
the crystal size. Such size-induced quantization of the energies of vibration modes vibr  leads to presence of size-
dependent pressure of the phonon gas /ph vibrP f l  in a nanoparticle [19]. The force associated with the 
phonon gas pressure phP  in free nanocrystals is directed outwards the crystal, resulting in a decrease of the total 
pressure in the particle. Therefore, formation of a nanocrystal is accompanied by a pressure change phP P P , 
which consists of the surface pressure P l  and phonon gas pressure phP l . A total pressure change P , 
caused by a nanoparticle formation from a bulk phase, can be either positive or negative, affecting substantially a 
temperature shift of phase transition in the nanocrystal. 
On the phase transformation curve m mT T P , the chemical potentials of two phases are equal, 
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Differentiating (2) with respect to temperature with regard to the equation m mT T P  leads to the Clausius-
Clapeyron equation [21], 
 
m l s
m
T v vdT
dP q
 
 
which determines relationship between a change in the phase transition temperature ,m m bT T T  and a change 
in the pressure P  in the system, 
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                                                                     (3) 
 
where , , ( )m b m b l sq T s s  is specific heat of the phase transformation for the bulk phase, jv  and js  are molecular 
volume and entropy of  a bulk phase, respectively ( j s  for solid phase and j l  for a liquid). In fact, equation 
(3) represents the first term of the power series expansion of the phase transformation temperature with respect to 
P . 
In the phase transformation curve of nanoparticles, it follows from the equality of chemical potentials of 
both phases  
j j
j j j j j
j j
S
Ts Pv
V
,  
that mq  equals to the difference of specific enthalpies 
j j
j j j j
j j
S
w Pv
V
 of two phases [21], and thus mq  is 
given by 
0 l l s s
m m l l s s
l l s s
S S
q q Pv Pv
V V
,                                   (4)  
 
where j  is molecular energy of the j -th phase, 0j jP P P  is excessive pressure in the nanoparticle in the 
state j , j  is surface tension at the interface, jS  and jV are surface area and volume of the particle, respectively, 
j jV N  is the number of atoms (molecules) in the particle, j  is a density of the phase j . If we neglect the 
difference in j  and jv  for the bulk and nanocrystalline phases in (4), then 
0
0( )m l s l sq P v v  is specific 
heat of the phase transformation in the bulk phase, 
j
j j
d
T
dT
 is specific surface energy of the nanoparticle. 
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The obtained equation for mq  explicitly expresses size dependence of the heat of the phase transformation of 
nanocrystals. 
It is generally believed that a crystal melts when it reaches anharmonic instability state determined by 
changes in temperature and pressure [22]. When a system approaches the instability point, a series of its parameters 
(heat capacity, thermal expansion coefficient, rms displacement of atoms etc.) exhibits nonlinear rise. On the other 
hand, the formation energy of lattice structure defects decreases dramatically [23, 24], resulting in a sharp increase 
in the defect concentration and breakdown of the crystalline order being the main cause of melting, i.e. structural 
disordering of the crystal. Such picture of the physical nature of melting allows one to give credence to 
applicability of one-phase melting models, based on the mechanism of the anharmonic lattice instability: 
Lindemann criterion, Born criterion etc. 
As follows from (3), the cause of a change of the melting temperature in the nanomatter lies in a pressure 
change P  in a nanoparticle which brings the anharmonic crystalline phase into unstable state. The crystal-liquid 
transition in the nanoparticle is accompanied by a change in the atomic (molecular) energy, a pressure jump 
between the solid and liquid phase, and a change in the surface tension at the solid-liquid interface. All these 
changes contribute to the melting heat of nanocrystals (4). 
There is a problem in determination of surface pressure P l  in a nanoparticle. In the case of a liquid 
droplet, when the liquid phase is in equilibrium with its vapour, P l  is the Laplace pressure. For nanomatter 
being in equilibrium with its vapour (e.g., a liquid droplet), surface tension at the interface determines the particle 
shape and leads to formation of excessive Laplace capillary pressure [21]. However, in the case of crystals, the 
vapour pressure of the nanomatter is extremely small, and thermodynamic equilibrium between the matter and its 
vapour is not reached. As a result, surface relaxation of a nanocrystal takes place with a constant number of surface 
atoms because the surface energy depends on atomic density on curved surface of the crystal [17]. This relaxation 
leads to formation of a strained surface layer in a nanocrystal, compressing (or expanding) the crystal [17]. 
Therefore, a distinctive feature of nanocrystalline matter is presence of both excessive pressure phP  of the 
phonon gas and surface pressureP , whose value depends on nanoparticle size and affects substantially mechanical 
and thermodynamic properties of the nanosystem. 
 
3. Pressure of the phonon gas 
Reduction of a crystal size l  is accompanied by rearrangement of its vibrational spectrum. For crystals of 
mesoscopic size, the long-wavelength part of the spectrum with wave vectors /k l  is mostly affected. In this 
range of vibrations that is described by wave equations of theory of elasticity, the spectrum is discrete with 
increment of /k l  increasing as the nanoparticle size decreases. 
According to the laws of statistical mechanics [25], high-temperature distribution of coordinates of 
atomic displacements ,jq  ( 1,2,..., ; , ,j N x y z ) in a nanocrystal is given by [26, 27, 28] 
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Here U  is a change in the potential energy of atoms due to their harmonic displacements from the equilibrium 
positions, 1  is a parameter of quasi-elastic bond between neighbouring atoms, and coefficients ,jn  are 
determined with the vibrational spectrum, 
 
2
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1
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where ,je k  is -th projection of an eigenvector of the dynamical matrix, k  is reduced frequency of the k -th 
vibration mode, 
 
1
M
k k . 
When computing coefficients ,jn  for nanocrystals in the mesoscopic size range [20, 28], we took into account the 
fact that vibrations with wavelengths 2l  ( min /k l ) can not be excited in such systems, and that the 
vibration spectrum has quasi-discrete character in the long-wave part. For atoms located in the bulk of a 
nanocrystal, distribution of displacements from the lattice sites is spherically symmetrical 
(
, , ,j x j y j z
n n n n l ), and it follows from equation (6) that [20] 
 
0 1
R
n l n
l
,                                                                                                 (7) 
 
where 0n  is the value of the parameter n l  for the bulk crystal (e.g., 0 2n  for fcc crystals [26]), R  is 
interatomic distance, 1 is a parameter depending on material, shape and surrounding of the nanoparticle. It 
should be especially emphasized that expression (7) applies to the nanocrystal of mesoscopic size only. With 
decreasing particle size, the expression for the n l  dependence is more complex, and for nanoclasters consisting 
of several tens atoms 0n l n  [28].  To calculate the equilibrium free energy, phonon gas pressure and 
thermodynamic properties of nanocrystals, let us employ a variational approach [26, 27] developed to study 
thermodynamic properties of bulk crystals and extended also to the description of nanocrystals [19, 20, 28]. To 
write down the free energy functional we need approximated potential of interatomic interaction. It is convenient to 
choose the three-parameter Morse potential, 
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The three free parameters 0, ,A R  to be determined from experimental data ensure good approximation of the 
shape of potential wells around the lattice sites [26]. This feature, together with simple form of the potential (8), 
allows one to use the Morse potential to describe not only thermodynamic properties of simple crystals at ambient 
pressure [23, 26], but also properties of crystals under high pressure [27]. At high temperature, a nanocrystal of 
mesoscopic size consisting of N  atoms can be described with the functional of the Helmholz free energy [19, 20] 
 
2 2 2 2
22 2
22 2
2 23
6
2
0
1
, , , ( 3 log ) 2
3 2 4
b b b b
n l c n l c n l c n l caF c z
f v c b e e e e
AN c
K S
ANR b
, (9) 
 
where 
 
2/3
2 2 23 3
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K
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In equation (9), /Bk T A  is reduced temperature, 
1/2
AM  is the de Boer parameter for the Morse 
potential, S  is surface area of the particle. The first term defines the entropy part of the free energy of vibrations, 
the second term is the average potential energy of interatomic interaction, and the third term is a contribution to the 
free energy due to the cubic anharmonicity of vibrations. In the case of simple metals, the expression (9) for the 
free energy should include an additional contribution due to kinetic energy of the electron gas, 
 
2/32 2
2*
0
3 3
5 2
el
em R b A
,                                                                                                  (10) 
 
where 
*
em  is effective electron mass. The parameters for Au are given in Table 1 ( em  is electron mass). The last 
term in (9) describes a contribution of the surface energy to the free energy of the nanocrystal. As mentioned 
above, a number of surface atoms remains unchanged during the process of attaining the equilibrium in 
nanocrystals, and relaxation of the surface layer leads to changes in distances between neighbouring atoms only. 
The value of this change varies with the surface curvature, affecting the surface energy , i.e.  should depend 
on the particle size. In the case of a flat surface, there is no size dependence. 
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Table 1. Parameters of the Morse potential (8) for Au [30] used in the calculations. 
/ BA k (K) 0R  (Å)  (Å
1
) 3a  eff em m  
6965 2.78 2.13 1.86 1.18 
 
 
The reduced variational parameters 0( )b R R  and 
2
1 /c A  define lattice expansion and 
quasi-elastic bond of atoms, respectively. Their equilibrium values are determined from the following conditions: 
 
,
0
c
f
b
,                                                                             (11) 
 
,
0
b
f
c
.                                                                                 (12) 
 
The temperature range where equation (9) is valid is determined by the inequality c . 
It should be noted that use of the variational approach [26, 27] simplifies substantially the procedure of 
calculation of the equilibrium properties of crystals, especially, for anharmonic crystals with complicated form of 
interatomic interaction or crystals exposed to external forces. 
We use the free energy functional (9) to examine thermodynamic properties of nanocrystals in the 
mesoscopic size range assuming that variation of the parameters b  and c  in the surface layer can be neglected, and 
all the surface effects are taken into account with the parameter . 
Let us consider nanocrystals with the fcc lattice with volume per atom being equal to 
3
0 / / 2v R b . We will consider both spherical nanoparticles of radius l  and nanofilms of thickness l . In 
the case of nanofilms, the last term in (9) depends neither on the variational parameters nor on the film thickness. 
For spherical particles, this term is 
3
0( ) /R b l , i. e. it depends both on the variational parameter  and on the 
particle radius. In this case,  is not surface tension 0  at an interface between a bulk crystal and vacuum, but it is 
surface tension appearing owing to a change in interaction of atoms at curved surface of the nanoparticle [17]. It is 
obvious that 0 . 
With the chosen potential of interatomic interaction (8), an approximate solution of the system of 
equations (11)–(12) can be found. As a result, the equilibrium values of the variational parameters 0c  and 0b  are 
given by: 
1 2
1 2
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,                                                     (13) 
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where 
 
2 3
0 3
3
0
0.00032 ( )2 3 1
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3( ) 2
R a n lK
p
R A l
                                                       (15) 
 
In figures. 1 and 2 we plotted, as an example, the equilibrium values of the variational parameters 0c  and 
0b  versus crystal size at different temperatures. As seen from the figures, these parameters show maximal 
sensitivity to the particle size in the vicinity of the melting temperature of the particle. 
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Figure1. Reduced interatomic distance 0b l  as a function of radius of a spherical gold nanoparticle. 
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Figure2. Quasi-elastic bond parameter 0c l  as a function of radius of a spherical gold nanoparticle.   
 
A crystal can be heated to critical temperature which is determined by simple expression, 
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where 
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As follows from (13), the value of the quasi-elastic bond parameter becomes imaginary at high 
temperature c , i. e. the vibrational subsystem of the crystal becomes unstable. It is necessary to point out 
that the instability temperature c  (15) is determined mainly by the cubic vibrational anharmonicity. In the vicinity 
of c , the quasi-elastic bond parameter is finite and behaves asymptotically as 
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A finite value of the quasi-elastic bond parameter is indicative of stability of the crystal lattice in the entire 
temperature range up to the melting point. 
Based on numerical analysis of the functional (9), it was shown [19] that reduction of the crystal size is 
accompanied by an increase in the pressure phP  of the phonon gas, resulting in total pressure in a nanocrystal being 
negative. It was concluded that in [19] phP  is responsible for a shift of the phase transformation temperature in 
nanocrystals and size dependence of thermodynamic properties. 
If the surface pressure P l  is discarded, the difference between a nanocrystal and a bulk crystal is 
reduced to the presence of the excessive phonon gas pressure phP  that should be taken into account for a 
nanocrystal. In other words, thermodynamic properties of the medium in nanocrystals are equivalent to the 
properties of a bulk crystal ( l or 0 ) exposed to external pressure phP . Therefore, nanocrystalline 
medium should be described by the Gibbs free energy phF P V , and the condition of minimum of  with 
respect to b  yields the following expression for phP : 
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where 0b  and 0c  are the equilibrium values of internal parameters of a nanocrystal with 0 , and the second 
term in (19) equals to zero in view of (11). Expanding the second term in brackets into a series in / 1R l , that is 
equivalent to expanding into a series in , and retaining only the first term linear , we obtain 
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is a function depending weakly on size and temperature of the nanoparticle (figure 3). In figures 4 and 5 we present 
size and temperature dependences of the phonon gas pressure in a nanocrystal. While the size dependence of phP  is 
rather well described by the hyperbolic function l , the temperature dependence of phP  shows a number of specific 
features. At low temperatures, the linear rise of the pressure with temperature suggests that the phonon gas is ideal. 
As temperature approaches the melting point, the vibration anharmonicity results in interaction between phonons 
and essentially nonlinear behavior of phP  . 
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Figure 3. The parameter 1  as a function of size for Au nanocrystals.  
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Figure 4. Size dependence of the phonon gas pressure phP  in Au nanocrystals calculated from (20) at different 
temperatures. 
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Figure 5. Temperature dependence of the phonon gas pressure phP , calculated from (20) at different nanocrystal 
sizes. 
 
4. Melting of nanocrystals 
Assuming that excessive pressure in nanocrystals is related to the phonon gas pressure only (20), and 
assuming 0P , and using equation (3) which relates a change in the phase transformation temperature and a 
change in the pressure in the system, we can obtain an explicit expression for size dependence of the phase 
transformation temperature:  
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Under assumptions adopted, equation (22) is strict in the range 0l R , with ,m m bq q . However, as follows 
from (4) and experimental results (see, e.g., [9–12]) mq  is also size-dependent. According to (4), for spherical 
particles, this dependence is written by 
 
,
, ,
3( ) 1
1 S l S S lm m b
m b m b S
P P v
q q
q q l
.                                                       (23) 
 
In equation (23), it is assumed that S lv v  and S l . Since S l  for most systems, then the last term in 
(23) contributes to reduction of mq  as the particle size decreases. While the excessive pressure SP  in a crystalline 
nanoparticle is due to the phonon gas (20), calculation of the pressure lP  in a liquid particle is rather complicated. 
However, all contributions to jP  are of the order of 1 l , and corrections due to jP  can be determined from 
experimental data. 
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Figure 6. Size dependence of the melting temperature of free spherical particles of gold. The curve was obtained 
from (22) with respect to mq l  dependence. 
 
In figure 6, we show the size dependence of the melting temperature of gold nanoparticles calculated from (22) 
with respect to mq l  dependence. The following physical parameters of gold were used [4]:  
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Table 2. Parameters used for calculation of the melting curve of Au nanocrystals. 
,m bq  
(kJ mole
-1
) 
S  
(J m
-2
) 
Sd
dT
 
(J m
-2
 K
-1
) 
l  
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-2
) 
ld
dT
 
(J m
-2
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-1
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S  
(kg m
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l  
(kg m
-3
) 
/ Sv v  
12.41 1.38 –4.33·
4
10  1.13 –1.0·
4
10  1.84·
4
10  1.728 
4
10  5.1 
2
10  
 
For these values of parameters, assuming S lP P , we find 
 
, 1m m bq q
l
 ,                                                                                 (24) 
 
where 1.8nm. It should be noted that taking the mq l  dependence for gold nanocrystals contributes 
remarkably to mT  only for 10l nm. The second term in the denominator in (22) is much less than unity, so (22) 
can be represented in the form of (1) with 
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5. Interatomic distance in crystals 
Numerous x-ray and electron-microscopy studies of nanocrystals ( [31–35]) suggest that size reduction of 
a nanocrystal is accompanied by relatively small (about 0.1% in order) change of the interatomic distance. 
Depending on surrounding conditions and surface state of a specimen, both lattice expansion and contraction are 
observed. In many cases, embedding a specimen into a matrix or deposition of foreign atoms on its surface results 
in a crossover from the size-related expansion of the lattice to contraction. As follows from (14), there are two 
mechanisms that may make lattice contract or expand as the crystal size decreases. These are enhancement of the 
anharmonicity due to softening of vibration modes of the nanocrystal (reduction of 0( )c l ) and 
contraction/expansion of the lattice due to stress in the surface layer. While the vibration anharmonicity is 
determined by the interatomic potential and lattice geometry, the surface layer stress depends both on surface 
condition and presence of foreign atoms adsorbed at the surface. For illustrative purposes, in figure 7 we present 
theoretical size dependence of reduced interatomic distance calculated at different coefficients of the surface 
tension. In the absence of a stressed layer ( 0 ), increasing interatomic distance is due to the phonon gas 
pressure phP  making a nanocrystal expand. Enhancement of the surface tension leads to “capillary” compression of 
the nanocrystal ( 0.72S  J m
-2
), though the capillary pressure is much less than the phonon pressure and has 
little effect on the shift of the phase transformation temperature in the nanocrystal. Besides, an intermediate case of 
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non-monotonic dependence of ( )b l  is possible ( 0.3S  J m
-2
), when increase in ( )b l  near the melting 
temperature of the nanocrystal is due to additional nonlinear increase in pressure of the phonon gas (figure 5). 
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Figure 7. Size dependence of reduced interatomic distance 0( )b R R  in Au nanocrystals.  
 
6. Equation of state of nanocrystals 
Additional pressure of the phonon gas in a nanocrystalline medium affects equation of state of nanocrystals 
determining a relationship between pressure applied to the medium and its volume. In the case of bulk crystals, one 
of such equations is the Mie-Grüneisen equation [36, 37] 
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where 0  is the energy of zero vibrations, T  is the energy of thermal vibrations, G  is the Grüneisen parameter. 
Since basic thermodynamic properties depend on crystal size, a corresponding contribution to 0P  should appear for 
a nanocrystalline medium. It should be noted that this contribution is not directly related to phP , which changes 
internal parameters of the medium and is partially relaxed.  
To determine pressure in the bulk of a nanoparticle, let us introduce a new parameter 
2
x
c n l
 instead of 
c . Then the functional (9) for the free energy functional can be rewritten as  
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and the variational condition (12) is replaced with 
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The pressure P  acting in the medium whose state is described with the free energy functional (27) is given 
by 
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Two first terms in (29) are equal to zero due to (11) and (28). From (29), we obtain 
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A factor before the parenthesis in (30) depends on shape of the nanoparticle. In the case of plate-shaped 
nanoparticles, / 2V Sl  ( constS ),N V , 1/ v , where v  is volume per atom, 
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For spherical nanoparticles of radius l , with the assumption 0 , we get 
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In figure 8 we plotted pressure nP  as a function of radius of a gold nanoparticle calculated from (32) for 
different temperatures. 
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Figure 8. A correction to the equation of state (26) versus radius of a gold nanoparticle. 
 
In view of nP , equation (26) takes on the form 
 
0
0
G T
nP P
V V
.                                                                                         (33) 
 
Hence it follows, in particular, that crystal volume increases at 0 . Recently, an attempt was made to 
expand the Mie-Grüneisen equation to nanocrystalline systems [38]. Determination of nP  was based on 
separation of contributions of surface and volume parts of vibration spertum to the free energy of a nanocrystal.  
 
7. Conclusion 
A hypothesis about presence of negative pressure in thin films was first formulated in Ref. [39] for 
possible explanation of size dependence of thermodynamic and physical properties of thin films. However, 
absence of proper theoretical and experimental background suspended development of work in this direction for 
a long time. Preference was given to the “capillary” model which related a change in the phase transformation 
temperature with the jump of the surface energy in phase transitions in nanocrystals (review is given in [5–8]). 
However, apparent simplicity of the “capillary” model disguised, for a long time, a fundamental mistake. 
Indeed, a first order phase transition in a thermodynamic system occurs when the system reaches a point of 
instability (due to temperature or pressure change). In the case of melting, the instability of crystalline state is 
due to anharmonicity of collective atomic vibrations [22–24], so a shift of the phase transition temperature (3) is 
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related to a pressure change in the crystalline phase only. Jumps of specific volume, molecular energy, surface 
energy of a nanoparticle and pressure during the transition from one phase to another contribute to the melting 
specific heat (4) only, which is determined from the condition of equality of chemical potentials in the 
equilibrium curve of nanophases. As a consequence, size influence on the phase transition (melting) temperature 
in a nanocrystal is related to both changes in the excess pressure P in the nanocrystal and size dependence of 
the heat of melting mq l . 
Reduction of crystal size to mesoscopic or nanoscopic size range is accompanied by changes in the 
mechanical, thermodynamic, electric and structure properties of the crystals. As crystal size decreases, a number of 
twins increases in the crystal, thus improving mechanical properties of the crystal [40]. In nanocrystals, a number 
of vacancies is increased [41], processes of amorphization of the medium are facilitated [42], as well as restoring of 
nanogranulated material after plastic deformation [43–44]. As was already indicated, both size and surrounding 
medium also affect substantially thermodynamic properties and phase transition temperature of a nanosized 
medium. Apparently, all these effects point to the fact that size reduction triggers physical processes that affect the 
state of the medium in nanoparticles. Since thermodynamic state of a one-component medium is determined by its 
pressure and temperature only, then it is a rise in the phonon gas pressure that governs the change of 
thermodynamic properties of a nanocrystal when its size decreases. In this context, it is hard to agree with the 
claims forming the basis of “capillary” models of nanocrystal melting [1–9]. A change in the surface energy at 
phase transition in a nanocrystal affects the heat of transition only (4) and can affect the temperature of phase 
transition, particularly, melting, in an indirect way only (19). 
 
Acknowledgement 
This work was supported in part by Award no 16/12-H in the framework of the Complex Program of Fundamental 
Investigations “Nanosized system, nanomaterials, nanotechnology” of the National Academy of Sciences of 
Ukraine. 
 
 
 
 18 
References 
1. M. Takagi, J. Phys. Soc. Jpn  9,  359 (1954)  
2. C. J. Coombes, J. Phys. F: Met. Phys. 2, 441 (1972) 
3. N. T. Gladkich, R. Neidermayer, K. Shpiegel, Phys. Stat. Sol. 15, 181 (1966) 
4. P. Buffat and J.P. Borel, Phys. Rev. A, 13, 2287 (1976) 
5. Nanda K K  2009  Pramana – J.Phys. 72  617 
6. Delogu F  2010  Materials Science Forum  653  31  
7. Jiang Q and Yang C C  2008 Current Nanoscience 4 179  
8. Gladkih N T, Dukarov S V, Kryshtal A D, Larin V I and Suhov V N, Surface Phenomena and Phase 
Transformations in Condensed Films (Kharkov University, Ukraine, 2004)   
9. Zhang M,  Efremov M Yu, Olson E A, Zhang Z S and Allen L H 2002, Appl. Phys.        
       Lett. 81  3801  
10.    Lai S L, Guo J Y, Petrova V, Ramanath G and Allen L H 1996 Phys. Rev. Lett. 77 
11.    Efremov M Yu, Schiettekatte F, Zhang M, Olson E A, Kwan A T, Berry L S and Allen L  H 2000  
Phys. Rev. B 62  10548      
    
12.   Olson E A, Efremov M Yu, Zhang M, Zhang Z and Allen L H  2005, J. Appl. Phys. 034304  
13. Yang C C, Xiao M X, Li W and Jiang Q 2006 Solid State Comm. 139 148     
14.  Gu M X, Sun Chang Q, Chen Z, Yeung T C, Li S, Tan C M and Nosik V 2007,     Phys. Rev. B ,75, 
125403  
15. Lin L J and Nadiv S  1979 Mater. Sci. Eng. 39 193  
16.  Kumazawa M  1963  J. Earth Sci., Nagoya Univ. 11 145 
17. Nagaev E L 1992  Sov. Phys. Usp.  35  747  
18. Rusanov A I  2005  Surface Science Reports  58  111  
19. Karasevskii A I  2011  Solid State Com. 151  360 
20. Karasevskii A I and  Lubashenko V V 2008  Eur. Phys. J. B 66 375  
21. Landau L D and Lifshitz E M 1980 Statistical Mechanics (Pergamon Press, Oxford) p 517 
22. Dash J D  2002  Contemp. Phys. 43 427  
23. Karasevskii A I and  Lubashenko V V 2005  Phys. Rev. B 71  012107 
24. Karasevskii A I and  Lubashenko V V 2007  Low Temp. Phys. 33  578 
25. Feynmann R P 1972  Statistical Mechanics (Benjamin, New York) p 415 
26. Karasevskii A I and  Lubashenko V V 2002  Phys. Rev. B 66  054302 
27. Karasevskii A I and  Holzapfel W B  2003  Phys. Rev. B 67  224301  
28. Karasevskii A I  2011 Nanosystems, Nanocrystals, Nanotechnologies  9 1  
29. Sambles J R  1971  Proc. R. Soc. London  A 324  339  
30. Lubashenko V V  2010  J. Nanopart. Res. 12  1837 
31. Montano P A,  Shenoy G K and  Apl E E  1986  Phys. Rev. Lett. 56  2076  
32. Qi W H and Wang M P  2005  J. Nanopart. Res. 7 51  
 19 
33. Apai J, Gamilton J F, Stohr J and Thompson A  1979  Phys. Rev. Lett. 43  165  
34. Sumiyama K and Nakamura Y  1982  Transac. Japan Inst. Metals  23 108  
35. Kolska Z, Riha J,  Hnatowicz V and  Svorcik V 2010  Materials Letters  64 1160  
36. Zharkov V N and  Kalinin V A 1971 Equation of State for Solids at High Temperature and High 
Pressure (New York, Consult Bur.) p.257   
37.   Anselm A  1981  Introduction to Semiconductor Theory ( Mir/Prentice – Hall, Moscow/Englewood 
Cliffs, NI)   p 487  
38. Chernyshev A P  2011  Eur. Phys. J. B 79  321 
39. Kirkinskii V A  1970  Dokl. Akad. Nauk SSSR 192 361 
40. Zhu D M and  Dash J G  1988  Phys. Rev. Lett. 60 432 
41. Guisbiers G  2011  J. Phys. Chem. C  115  2616  
42. Stukowski A,  Albe K and Farkas D 2010  Phys. Rev. B, 82  224103 
43. Wang Li       n, Yang Weng at el. 2010 Phys. Rev. Lett. 105  095701  
44. Koslowski M  2010  Phys. Rev. B  82  054110  
 
        
              
                
            
      
  
